Excessive activity or release of excitatory amino acids has been implicated in the neuronal injury that follows transient cerebral ischemia. To investigate the metabolism of the endogenous excitotoxin, quinolinic acid, and its potential for mediating cell loss following ischemia, the concentrations of quinolinic acid, L tryptophan, 5-hydroxytryptamine, and 5-hydroxy indoleacetic acid were quantified in gerbil brain regions at different times after 5 or 15 min of ischemia induced by bilateral carotid artery occlusion. Significant elevation of brain tryptophan levels, accompanied by increased 5hydroxyindoleacetic acid concentrations, occurred dur ing the first several hours of recirculation, but regional brain quinolinic acid concentrations were found either to decrease or remain unchanged during the first 24 h after the ischemic insult. However, significant increases in quin olinic acid concentrations occurred in striatum and hip pocampus at 2 days of recirculation after 5 min of isch-
emia. After a further 4 and 7 days, strikingly large in creases in quinolinic acid concentrations were observed in all regions examined, with the highest levels observed in the hippocampus and striatum, regions that also show the most severe ischemic injury. These delayed increases in brain quinolinic acid concentrations are suggested to reflect the presence of activated macrophages, reactive astrocytes, and/or microglia in vulnerable regions during and subsequent to ischemic injury. While the results do not support a role for increased quinolinic acid concen trations in early excitotoxic neuronal damage, the role of the delayed increases in brain quinolinic acid in the pro gression of postischemic injury and its relevance to post ischemic brain function remain to be established. Key Words: Neurodegeneration-Excitotoxin-Kynurenine pathway-Indoleamines-Catecholamines-Ischemic in jury-Inflammatory response.
plete (Ito et aI., 1975; Kirino, 1982; Pulsinelli et aI. , 1982; Auer et aI., 1985a,b; Petito et aI. , 1987) . In the case of ischemia, there is evidence that the charac teristic postischemic loss of hippocampal CAl py ramidal neurons can be attenuated by chemical or surgical lesions of dentate granule cells (Johansen et aI., 1986), CA3 neurons (Onodera et aI., 1986) , or entorhinal cortex (Wieloch, 1985; Jorgensen et aI., 1987) , all of which would be expected to reduce excitatory input to the vulnerable neuron popula tion. Release of excitatory amino acids following ischemia has been directly demonstrated (Ben veniste et aI., 1984, 1989 ) and electrophysiological evidence for increased unit activity in hippocampus has been presented (Suzuki et aI. , 1983b; Cheng et aI. , 1989) . Recent pharmacological studies have suggested that antagonists of glutamate receptors of the N-methyl-D-aspartate (NMDA) subtype can protect against hypoxic/ischemic injury in in vitro cell culture models (Goldberg et aI., 1987) . While some data indicate that protection can also be ob tained with these agents against ischemic injury in vivo (Simon et aI. , 1984; Gill et aI., 1987 Gill et aI., , 1988 , there is evidence that systemic variables such as temperature can confound the interpretation of these either (Busto et aI. , 1987; Nowak, 1989; Buchan and Pulsinelli, 1989) . Nevertheless, the weight of evidence is consistent with an "excito toxin" mechanism, including the observations that application of excitatory amino acid agonists can result in cell loss resembling in many respects that seen after ischemia and other insults (Collins, 1986; Rothman and Olney, 1986) .
Neurodegeneration has been demonstrated in brain upon local application of the endogenous L tryptophan (L-TRP) and kynurenine pathway me tabolite, quinolinic acid (QUIN) that can be atten uated by NMDA receptor antagonists Foster et aI. , 1984b) . Local application of QUIN also increases neuronal activity because of its agonist properties at NMDA receptors Stone, 1982, 1983) , and may induce seizures (Lapin, 1982; Vezzani et aI. , 1985) . One potential mechanism to account for the neurodegeneration and abnormal excitatory activity associated with transient ischemia would be an increase in QUIN concentrations within the brain. Increases in brain QUIN concentrations are reported to occur in rats during and at 1 h after profound insulin-induced hy poglycemia and isoelectricity, although no change in extracellular fluid QUIN concentrations were de tected in the posthypoglycemic period (Heyes et al., 1990) .
In the present study, we have examined the time course of changes in regional brain concentrations of QUIN in the reperfusion period following 5 or 15 min of bilateral carotid artery occlusion in the ger bil. We have also evaluated the time course of changes in regional brain L-TRP, 5-hydroxytryp tamine (5-HT, serotonin), and 5-hydroxyindoleace 
Experimental protocols
A total of three separate experiments was performed on female Mongolian gerbils (50-70 g) obtained from Tum blebrook Farm (West Brookefield, MA, U.S.A). Bilateral common carotid artery occlusion of 5 or 15 min duration was produced under anesthesia with 2% halothane in 30% 02170% N20 by application of Heifetz aneurysm clips, according to a protocol approved by the Animal Care and Use Committee, NINDS.
After the designated times of reperfusion, gerbils were decapitated, and the brains sectioned down the midline and quickly dissected on a glass plate over ice. Samples of the cerebral cortex were separated from underlying white matter and the striatum, thalamus, and hippocam pus were also collected. Brain samples were placed in preweighed 1.5 ml polypropylene tubes, frozen on dry ice, reweighed, and stored at -70°C until analysis.
Biochemical measurements
All brain samples were sonicated in 1 ml of 1 M hydro chloric acid containing 6 pmollml of [1s0]QUIN as inter nal standard for the quantification of QUIN by electron capture negative chemical ionization mass spectrometry (Heyes and Markey, 1988a, b) . After centrifugation at 12,000 g for 20 min at 4°C, a 70 .... 1 aliquot of the super natant from brain was collected into 250 .... 1 polypropylene tubes and used for the analysis of indoleamines and cat echolamines. The brain extract was washed with 4 ml of chloroform to remove lipid material and kept on ice for 1 h to precipitate protein further. After freeze-drying, QUIN and [lsO]QUIN were converted to their dihexaflu oroisopropanol esters and analyzed using a Finnigan 3200 quadrupole mass filter or a Kratos MS-80. QUIN and [lsO]QUIN were quantified by peak areas of the molec ular anions [mass charge ratio (mlz) of 467 and 471, re spectively] .
The high-pressure liquid chromatographic system for the quantification of L-TRP, 5-HT, 5-HIAA, dopamine, HVA, and DOPAC consisted of a 4.6 x 75 mm Altech ultrasphere 3 .... m ODS column, an LC-4B amperometric detector (Bioanalytical Systems, Lafayette, IN, U.S.A.), a glassy carbon electrochemical detector cell, and a Wa ters 510 pump. The mobile phase buffer was 100 mM of sodium acetate, 0.2 mM of disodium ethylenediaminetet raacetate, 0.20 mM of sodium octyl sulfate, with 50 ml of acetonitrilelL of deionized water at pH 4.87 and the flow rate was 0.9 mUmin. Oxidation voltage was set at 0.9 V relative to an Ag/AgCI reference electrode. A Wisp 710B autoinjector was used to inject 5 or 10 .... 1 of brain extract. Oxidation current was recorded on a chart recorder set at 10 or 100 nA full scale. Peak heights were used in quan tification and compared to freshly made standards. Times of elution were DOPAC, 3.4 min; 5-HIAA, 4.8 min; dopamine, 6.1 min; L-TRP, 9.3 min; HVA, 11.5 min; and 5-HT, 16.2 min.
after 5 min of ischemia and up to 4 h after 15 min of ischemia are given in Tables 1 and 2. The changes observed were similar in all regions and are illus trated for the hippocampus in Fig. 1 . Regional brain QUIN levels did not change or were significantly lower than control during this early recirculation period. In contrast, severalfold elevations in L-TRP were evident at 1 and 2 h of recirculation following 5 min of ischemia (Table 1 ) and a more prolonged increase followed a 15 min occlusion (Table 2 ).
Brain 5-HT levels were largely unchanged after ischemia, although a transient decrease was ob served at 1 h after 15 min of ischemia (Table 2) .
Elevated 5-HIAA levels were found at 1 to 4 h fol lowing both insults. In addition, levels of dopamine and its metabolites were determined in the striatum.
HV A concentrations increased from a control value of 3.71 ± 0.84 to 6.82 ± 4.22 nmol/g at 1 ha nd 8.37± 1.78 nmol/g at 2 h following 5 min of occlu sion (p < 0.05) and had returned to control values at 4 and 8 h. No significant changes from control val ues occurred in the levels of either dopamine (61.7 ± 6.8 nmol/g) or DOPAC (4.23 ± 1.74 nmol/g). 
DISCUSSION
Previous studies have implicated excessive excit atory amino acid activity and release in ischemic brain injury (Benveniste et aI., 1984 (Benveniste et aI., , 1989 Roth man, 1984; Rothman and Olney, 1986) . Because ex citotoxic lesions of the brain can also be produced by local administration of QUIN (Foster et aI., 1983; Schwarcz et aI., 1983) , the purpose of the present study was to determine whether increased concentrations of QUIN in brain occurred following an ischemic insult. The results demonstrate that re gional brain QUIN concentrations were not in creased in the early postischemic period (hours). In contrast, acute increases in striatal HV A and re gional brain 5-HIAA concentrations were observed at 1 and 2 h after 5 min of ischemia (Tables 1 and 2 and text), consistent with the increased monoamine release and turnover reported following ischemia (Globus et aI. , 1988a,b,c; Kawano et aI. , 1988; Slivka et aI., 1988) , which have also been implicated in postischemic injury (Globus et aI., 1987) .
Marked increases in regional brain QUIN con centrations occurred after a delay of 2 days or more, most strikingly in brain areas, such as the hippocampus and striatum, which are most vulner able to ischemic injury. In all regions examined, transient increases in brain L-TRP concentrations were observed, which is consistent with previous reports in both animal models of ischemia (Maruki et aI., 1984) and in humans (Jellinger et aI., 1978) .
The mechanisms responsible for increases in L-TRP remain unclear but may be related to reduced pro tein synthesis, increased protein breakdown, or de creased tryptophan hydroxylase activity. Acute re ductions in the concentrations of 5-HT also oc curred following 15 min but not 5 min of ischemia and increases in regional brain 5-HIAA occurred following both insults. L-TRP is a precursor of QUIN in liver, but despite the increases in regional brain L-TRP concentrations, QUIN levels remained at or below control concentrations in all brain re gions examined in the first few hours of recircula tion following either 5 or 15 min of ischemia. Al though activities of the enzymes of the kynurenine pathway that synthesizes QUIN from L-TRP have been detected in the brain, the mechanisms that reg ulate QUIN metabolism in the brain are largely un known. These enzymes include indoleamine-2,3dioxygenase (Takikawa et aI. , 1986), formamidase (Gal and Sherman, 1980) , kynureninease (Kawai et aI., 1988) , kynurenine hydroxylase (Battie and Ver ity, 1981) , and 3-hydroxyanthranilate-3 ,4-dioxy genase (Foster et aI., 1986; Okuno et aI. , 1987; Spe ciale et aI., 1987; Heyes et aI. , 1988) . The present results may indicate that L-TRP is a poor substrate for the synthesis of QUIN in the normal gerbil brain, although it is unclear which enzyme is rate limiting. The observation that intracisternal admin istration of 3-hydroxyanthranilic acid results in marked increases in regional brain QUIN concen trations (Heyes et aI., 1988) indicates that the for mation enzyme for QUIN, 3-hydroxyanthranilate-3,4-dioxygenase (3-HAD), is not normally saturated with substrate and suggests that this enzyme may not be the rate-limiting enzyme in the synthesis of QUIN in the brain. Increases in regional brain QUIN concentrations were detected with longer recirculation times fol lowing ischemia (Fig. 2) , particularly in brain re gions such as the hippocampus and the striatum where neurodegeneration and other cellular changes are most prominent (Kirino, 1982; Pul sinelli et aI., 1982; Vass et aI., 1988) . The source of the increased QUIN in brain is unknown but there are several possibilities. In the normal brain, QUIN is reported to have low permeability across the blood-brain barrier (Foster et al., 1984a) . However, because an increase in plasma protein entry into brain may occur coincident with ischemic neuronal injury (Suzuki et aI. , 1983a) , it is possible that the delayed increase in brain QUIN concentrations in the present study may in part reflect increased per meability of the blood-brain barrier, particularly to a small molecule such as QUIN, which is present in higher concentrations in blood than brain (Heyes and Markey, 1988b) .
The delayed increases in brain QUIN concentra tions may also reflect reactive and/or proliferative glial changes in the evolution of the ischemic lesion.
An increase in glial fibrillary acid protein immuno reactivity, indicative of a glial response, is already evident in the hippocampus within 2 days following a 5 min ischemic episode (DeLeo et aI. , 1987) . In brain, 3-HAD has been localized to astroglia (Okuno et aI. , 1987) and increased activity of 3-HAD has been observed in hippocampus following excitotoxic lesions, coincident with proliferation of astrocytes (Speciale et aI. , 1987) . Comparable in creases in 3-HAD activity have also been observed in postmortem samples of brain tissue from patients with Huntington's disease (Schwarcz et aI., 1988a) .
Although 3-HAD activity may not be the rate limiting step for the synthesis of QUIN in brain in vivo, it is possible that the delayed increase in QUIN concentrations in the postischemic brain may reflect concurrent increases in other enzymes of the kynurenine pathway secondary to gliosis.
Observations in patients with Huntington's disease that the concentrations of QUIN are not increased in either brain tissue (Reynolds et aI. , 1988) or ce rebrospinal fluid (Schwarcz et aI., 1988b) , despite gliosis and increased 3-HAD activity, do not sup port a role for increased 3-HAD activity in the ele vations in brain QUIN, unless there was also an increase in substrate availability. Interestingly, the enzyme quinolinic acid phosphoribosyltransferase, which catalyzes the initial step in QUIN break down, is also localized largely in glia (Kohler et al., J Cereb Blood Flow Metab, Vol. 10, No. 5, 1990 1988), and may be able to attenuate potential in creases in QUIN levels under some conditions.
Macrophages, which are not normally found in the brain, are also a potential source of QUIN or substrates that can be converted to QUIN in the postischemic brain. The entry of monocytes into the brain and their differentiation to macrophages have been reported following long occlusions that resulted in thalamic infarcts (du Bois et aI., 1985a, b) .
Macrophages were also reported to be "activated"
as evidenced by their foamy appearance (du Bois et aI. , 1985b) . Studies of macrophages in vitro have demonstrated that interferon-'Y or endotoxin in duced indoleamine-2,3-dioxygenase (IDO) activity and consequently increase the conversion of L-TRP to L-kynurenine (Werner et aI. , 1987) . Activated macrophages in vitro synthesize 3-hydroxyanthra nilic acid (Werner et aI. , 1987) , an established pre cursor of QUIN in vivo (Heyes et al., 1988) and in vitro (Foster et aI. , 1986; Okuno et al., 1987) , as well as synthesize anthranilic acid (Werner et aI., 1987) , which is a putative precursor of 3-hydroxy anthranilic acid in brain (Baran and Schwarcz, 1989) . The presence of kynurenine pathway en zymes in activated macrophages may therefore fa cilitate the formation of QUIN in brain in such sit uations. The observation of increased L-kynurenine concentrations in brain in humans following stroke (Jellinger and Riederer, 1980 ) may be consistent with such an increase in brain IDO in the lesioned brain. Microglia, which are of the same cellular lin eage as macrophages, could also be involved, but it is not known whether microglia contain IDO and other enzymes of the kynurenine pathway. It is of interest that marked increases in the concentrations of QUIN are observed in patients infected with the human immunodeficiency virus type-l (Heyes et aI. , 1989a,b,c) , a disease associated with macro phage infiltrates into the brain (Koenig et aI., 1986; Navia et aI. , 1986; Pumarola-Sune et al., 1987) . Fur ther studies are required to determine to what de gree macrophages infiltrate the brain after the short ischemic insults employed in the present study, and whether such macrophages support increased sub strate flux through the kynurenine pathway.
The present results indicate that regional brain FIG. 2. Regional brain QUIN concentrations 2 and 24 h and 2, 4, and 7 days following 5 min of carotid artery occlusion plotted on a logarithmic scale. Error bars are mean ± SD for determinations on at least five gerbils except for 1 and 2 day groups, which consist of three and four gerbils, respectively (*p < 0.05).
functions mediated through NMDA receptors, in cluding long-term potentiation, learning, and mem ory (Morris et aI. , 1986) , and contribute further to long-term postischemic pathology independent of cytolytic lesions.
